Organochlorine pesticides have been used widely in agriculture for effective pest control. However, organochlorine pesticides such as dichloro-diphenyl-trichloroethane (DDT) contaminate soil, groundwater and cause carcinogenic effects, reproductive disorders for birds, humans and other mammals. Consequently, the use of DDT in agriculture has been gradually forbidden since 1972. Nevertheless, due to the long halflife of DDT (~36 years), its residues are still present in the soil. Therefore, there is a need to find a method for the treatment of this dangerous contaminant in the soil. This experimental research is aimed to analyse thermal air and water vapour plasmas eligibility to remediate soil contaminated by organochlorine pesticides (mainly DDT). Hence, parameters of the polluted soil were investigated before and after the treatment with thermal plasma using scanning electron microscopy (SEM), an optical microscope, a photo camera, energy dispersive X-ray spectroscopy (EDX) and gas chromatography-mass spectrometry (GC-MS). SEM analysis revealed that interaction of polluted soil with thermal air plasma or water vapour plasma caused structural changes of the soil. EDX data demonstrated complete removal of chlorine after the soil cleaning with plasmas. Moreover, the measurements performed with GC-MS confirmed that organochlorine pesticides concentrations in the soil were reduced noticeably after the soil cleaning with thermal plasmas. Thus, experimental results indicate that contaminated soil treatment using thermal air or water vapour plasma has satisfactory pesticides degradation capacity.
INTRODUCTION
Pesticides are used in agriculture to prevent or control pests, weeds and to reduce or eliminate yield loses, as well as keep high product quality [1, 2] . Also, pesticides can be utilised to prevent or control diseases, including malaria, yellow fe-ver, filariasis, dengue [3, 4] . The use of pesticides sharply increased after the Second World War, and it helped to raise agricultural productivity, economy and fight with the disease [5, 6] . However, after some time, scientists realised that part of the pesticides have low water solubility, low volatility and resists natural degradation. Thus, they are persistent in the environment [7, 8] . High concentrations of pesticides can cause harm to wildlife, humans and in general terms a variety of ecosystems. Such pesticides are classified as persistent organic pollutants (POPs) and are listed in the Stockholm Convention on POPs. Aldrin, endosulfan, dichloro-diphenyl-trichloroethane (DDT), αlpha-hexachloro-cyclohexane (α-HCH), beta-hexachloro-cyclohexane (β-HCH), lindane (γ-HCH) commonly known as organochlorine pesticides (OCP) belong to persistent organic pollutants [9, 10] .
Moreover, the United States Environmental Protection Agency (USEPA) has classified DDT and its metabolites, dichloro-diphenyl-dichloroethylene (DDE), dichloro-diphenyl-dichloroethane (DDD) as priority pollutants and banned its use [11, 12] . DDT was widely produced, used and still is a very well known pesticide worldwide. Even though dichloro-diphenyl-trichloroethane has been gradually banned since 1972, its residues still exist in the environment (e.g. soil, water). Accordingly, DDT has a long dissipation half-life (~36 years) in the soil [13, 14] . Soil contamination with DDT is an environmental issue not only due to the high sorption of organochlorine pesticides onto the soil matrix, but also because of continuous desorption from the soil matrix that causes secondary pollution of the atmosphere and water [13, [15] [16] [17] . Therefore, it is imperative to find a remediation method which enables to remove organochlorine pesticides from the soil completely. Hence, different soil remediation methods based on biological (e.g. phytoremediation), chemical (e.g. catalytic de-chlorination), physical (e.g. soil excavation), thermal (e.g. incineration) processes have been utilised for the elimination of pesticides from the soil. However, these methods had drawbacks, including long treatment time, strong dependence on environmental conditions, generation of toxic by-products, incomplete degradation of pesticides, limited penetration of reagents within the soil matrix [18] [19] [20] [21] .
Consequently, plasma technologies are progressively becoming the focus of research studies on remediation of pesticides contaminated soil [6, [22] [23] [24] [25] [26] [27] . Recently, Ma et al. [22] have presented one of the newest research about the non-thermal pulsed corona discharge plasma usage for the treatment of vaporised DDT. The degradation efficiency of DDT varied from 56.3% to 94.2% depending on the used air temperature, energy density, oxygen content and humidity. Wang et al. [23] used the same type of plasma for the degradation of pentachlorophenol (PCP) in the soil. The researchers stated that 87% of pentachlorophenol was remediated from the soil within 60 minutes. Later on, Wang et al. [24] were investigating the influence of the plasma forming gas type on the PCP contaminated soil remediation process. They pointed out that after 45 minutes of the soil treatment, the degradation efficiency of pentachlorophenol was equal to 92%, 77%, 19% and 8% in the oxygen, air, argon and nitrogen atmospheres, respectively.
Lately, non-thermal plasma was applied for the neutralisation of pesticides. Based on the above-presented experimental results, this type of plasma does not provide complete neutralisation of pesticides. Meanwhile, thermal plasma has the potential to completely degrade pesticides due to its specific features, including a higher concentration of active plasma species and higher temperature compared to non-thermal plasma. Also, the soil remediation with thermal plasma is fast in time, and it does not require soil pre-treatment or additional materials/reagents. Additionally, there is no limit on the state of matter or the concentration of the pollutant.
Moreover, the efficiency of pesticides degradation strongly depends on the type of plasma forming gas. The major radicals of water vapour plasma (OH, H) and air plasma (O) are considered to be one of the most reactive radicals that trigger and accelerate degradation reactions of the pollutants. Hence, the purpose of this experimental study was to analyse thermal air and water vapour plasmas eligibility to remediate soil contaminated by organochlorine pesticides, which are added in the Stockholm Convention POPs list.
METHODOLOGY
The types of organochlorine pesticides with whom the soil was contaminated are presented in Table 1 . The plasma chemical reactor used for the remediation of the soil polluted by organochlorine pesticides is presented in Fig. 1 .
Firstly, the contaminated soil was sifted through a 2 mm mesh to eliminate debris, and then the soil was treated with air plasma or water vapour plasma. The interaction between polluted soil and thermal plasma was carried out under atmospheric pressure for thirty minutes. When the air was used as a plasma forming gas, the power of the plasmatron was 52.8 kW at an air flow rate of 4.9 g/s. The average temperature of air plasma system was 2400 K. In the case with water vapour plasma, the power of plasmatron was equal to 56 kW, and water vapour flow rate was equal to 3.8 g/s. The mean temperature of the water vapour plasma system was equal to 2800 K.
Soil analysis was done before and after the remediation with thermal plasmas. Soil surface morphology of organochlorine pesticides contaminated soil and soil cleaned with plasma was studied by a scanning electron microscope (SEM, Hitachi S-3400N), an optical microscope (Olympus BX 51) and a photo camera (NICON D90). Energy dispersive X-ray spectroscopy (EDX, Bruker Quad 0540) was used to identify the elemental composition of soil polluted by pesticides as well as cleaned soil. The organochlorine pesticides concentrations in the contaminated and plasma remediated soil were measured by gas chromatography-mass spectrometry (GC-MS). 
RESULTS AND DISCUSSION
Soil colour changes before and after treatment with thermal plasma were analysed with optical microscopy, photo camera and results presented in Fig. 2 . Before the remediation process, the soil was darker compared to treated soil and contained green particles which correspond to pesticides. After interaction with thermal plasma, the soil became lighter brown with a reddish tint. This tint is a feature of trivalent ferric compounds. The darker colour of polluted soil was caused by a small number of humic compounds (carbon) in the soil. Generally, humic compounds cause black or brown soil colour. The colour tint depends on the concentration of carbon in the soil. During the reaction among soil and thermal plasma, the decomposition and evaporation of humic compounds in the soil appeared. This process caused the brightening of soil colour. Also, the redness caused by iron compounds in the soil come to the fore due to the carbon reduction in the soil. Fig. 1 . The plasma chemical reactor used for polluted soil remediation [28] Contaminated soil analysis with SEM Surface morphology of soil contaminated by organochlorine pesticides and soil cleaned with thermal plasma was analysed by a scanning electron microscope (Fig. 3 ). All soil samples have a granular structure and consist of approximately uniform size particles (Fig. 3a, c, e ). Nevertheless, contaminated soil has a relatively rough surface (Fig. 3b ), while soil remediated with thermal plasma has a relatively smoother surface ( Fig. 3 d, e ). The pesticides impurity in the soil can influence the roughness of polluted soil surface. Surface morphology of the organochlorine pesticide particle is shown in Fig. 4 . The pesticide is constituted of irregularly-shaped agglomerates with a comparatively rough surface. Thus, pesticides possibly affected surface morphology of polluted soil.
Contaminated soil analysis with EDX
Elemental composition of organochlorine pesticide particle is summarised in Table 2 . It is known that chlorine, carbon and hydrogen molecules compose organochlorine pesticides (Table 1) . Consequently, pesticide analysis carried out by energy dispersive X-ray spectroscopy (EDX) indicated that the concentrations of chlorine and carbon in the pesticide particle are Additionally, a significant part of the sample elemental composition is formed by copper (36.31%), oxygen (37.44%) and calcium (3.13%). Hence, copper-based compounds are commonly used as pesticides (e.g. fungicides, herbicides, algicides) [29] . Bordeaux mixture -Cu(OH) 2 CaSO 4 is a widely used fungicide. The combination of Bordeaux mixture and DDT was used often because it increased harvest in agriculture [30] . Consequently, it allows assuming that soil was contaminated with the mix of organochlorine pesticides and Bordeaux mixture. As a result of this, high concentrations of copper, oxygen and calcium came from Cu(OH) 2 CaSO 4 . Moreover, Bordeaux mixture has a green colour. Also, copper compounds during interaction with the environment (air, oxygen, water) form a green outer layer. These green particles can be seen in contaminated soil (Fig. 2a ). Elemental composition of the soil before and after remediation with thermal plasma is presented in Table 3 . Contaminated soil consisted of 0.14% of chlorine, whereas after interaction with air plasma or water vapour plasma, chlorine was not detected at all. Also, the changes in carbon concentration in the soil were observed. Before the remediation process, the carbon content in the soil was equal to 17.35%. After cleaning with air plasma and water vapour plasma, it decreased to 8.92% and 7.98%, respectively. Thus, soil remediation with thermal plasma showed a noticeable change in chlorine and carbon concentrations. Since organochlorine pesticides consist of carbon, hydrogen and chlorine molecules, this takes to the presumption that via the remediation process, conversion of organochlorine pesticides took place. Also, the gasification process, which occurred during an interaction between contaminated soil and thermal plasma caused the decomposition and evaporation of natural carbon in the soil. Consequently, the decrease in total carbon content in the soil was observed.
Gas chromatography-mass spectrometry results
The organochlorine pesticides concentrations in the contaminated and plasma treated soil are shown in Table 4 . The initial concentrations of alpha-HCH, delta-HCH, lindane (gamma-HCH), beta-HCH, 4,4'-DDE and 4,4'-DDD were equal to 19.8 μg/kg, 360 μg/kg, 15.1 μg/kg, 99.4 μg/kg, 89.4 μg/kg and 137 μg/kg, respectively. Moreover, 4,4'-DDT formed the highest -1569 μg/kg concentration in the soil. After soil cleaning with air plasma or water vapour plasma, the concentrations of organochlorine pesticides in the soil decreased to negligible values of <3.0-5.0 μg/kg. Therefore, the notable reduction of organochlorine pesticides in the soil indicates that thermal plasma has satisfactory pesticides degradation capacity and is suitable to remediate polluted soil.
Moreover, the significant difference between treatment results obtained with air plasma and water vapour plasma was not found. Both thermal plasmas are capable of remediating soil contaminated by organochlorine pesticides. However, the air as a plasma forming gas is easily accessible and usable [31] . Also, the air plasma-chemical remediation system is slightly simpler compared to the water vapour system which needs a steam generator and a superheater. Accordingly, the use of air as a plasma forming gas should be preferred.
CONCLUSIONS
In this experimental research, remediation of organochlorine pesticides contaminated soil was carried out by using air plasma and water vapour plasma. Scanning electron microscope data showed soil surface morphology changes after interaction with thermal plasmas. Before the remediation process, the soil surface was relatively rough. After treatment, it became relatively smooth. The roughness of the contaminated soil surface possibly was influenced by pesticides, as it also has a rough surface morphology.
Measurements carried out by energy dispersive X-ray spectroscopy revealed a reduction of the main components of the organochlorine pesticides -chlorine and carbon in the soil after remediation with thermal plasmas. Chlorine was not found at all. The carbon concentration decreased from 17.35% to 8.92% and 7.98% after reaction with air plasma and water vapour plasma, respectively.
Measurements taken with gas chromatography-mass spectrometry indicated a significant reduction of organochlorine pesticides in the soil after remediation with thermal plasmas. The main contaminant -DDT concentration in the polluted soil was equal to 1569 μg/kg, after treatment with plasmas, it decreased to a negligible value of <3.0-5.0 μg/kg. A significant decrease of organochlorine pesticides in the soil after the remediation process shows that thermal plasma has satisfactory pesticides degradation capacity and is appropriate to treat contaminated soil. 
